In many clinical situations, the stroke is associ ated with some degree of permanent vascular oc clusion, leaving an area of infarcted brain sur rounded by surviving cells. The former may act as a source of oedemagenic molecules, which continue to damage the surviving BBB in surrounding tissue. Prolonged barrier opening has been shown in per manent occlusion (Ito et aI., 1976) . In transient vas cular occlusion or following transient cardiac ar rest, the vascular bed may be intact, and theoreti cally differing pathophysiological criteria may prevail.
When circulation is restored to an ischaemic brain, BBB permeability to protein tracers [e.g., ra dioiodinated serum albumin (RISA) and Evans Blue (EB) albumin] may be seen after a delay of 3-12 h (Fujimoto et aI., 1976; Spatz et aI., 1976; Ito et aI., 1979; Suzuki et aI., 1983) , (see Table 1 ). However, rapid passage of very small molecules and ions (e.g., water and sodium) through the BBB is seen within minutes of reperfusion (Ito et aI., 1979; Avery et aI., 1984) , which lasts a few hours, but may be biphasic. For example, after 30 min of tran sient ischaemia, the barrier "opens" at 15 min of reperfusion, then again after reperfusion for 6 h (Todd et al., 1986a) to 7 days (Su zuki et al., 1983) and have inferred that it was per manent. However, studies by Ito et al. (1979) and Nishimoto et al. (1976) have suggested BBB perme ability to protein tracers to be transient after ischaemia with reperfusion. Kuroiwa et al. (1985) demonstrated a biphasic opening of the BBB after 1 h transient middle cerebral artery occlusion, first at 15 min after release of occlusion, then at 5 h and 72 h of recirculation. The early passage of small mol-J Cereb Blood Flow Metab, Vol. 9, No.1, 1989
ecules following ischaemia may have a physical ex planation, in that they may pass through more rap idly than the larger protein tracers in the same pe riod of time. Alternatively, there may be graded opening of the barrier, which progresses to allow passage of larger molecules, if the ischaemic insult is great enough.
The purpose of the present study was to deter mine the time course of this increased passage across the BBB of a small amino acid tracer e4C AlB, MW 140) and a large protein tracer (EB albumin, MW 70,000) with different periods of isch aemia and reperfusion for up to 24 h after the isch aemic event.
MATERIALS AND METHODS

Preparation
Experiments were performed in a standard manner on 50 adult male Sprague-Dawley rats weighing 190-380 g. Transient severe incomplete global ischaemia was pro duced using the 4-vessel occlusion model first developed by Pulsinelli and Brierley (1979) . Using a microsurgical technique in our laboratory, Todd and coworkers (1984) adapted this method to produce, almost invariably, pro found global ischaemia, and this latter method was used. For full details of experimental methods see Todd et al. (1984 Todd et al. ( , 1986a . Briefly, the animals were anaesthetised using halothane 1.5%, during surgery and 0.5% during the experiment, in nitrous oxide and oxygen (3: 1) and were allowed to breathe spontaneously throughout the procedure. An incision 1 cm in length was made behind the occipital bone overlying the first two cervical verte brae, and with the aid of an operating microscope, the right and left alar foramina of the first cervical vertebra were exposed. These were drilled to expose the vertebral arteries in the foramina transversaria, and these were di vided using bipolar diathermy under direct vision. The wound was sutured and the animals left to recover for 24 h. The carotid vessels were exposed and isolated from the vagus nerve and jugular vein, and suture loops were placed around them near the bifurcation of internal and external carotid arteries. With the vertebral arteries di vided, severe incomplete forebrain ischaemia was pro duced by bilateral occlusion of the common carotid arter ies, at their fiburcation, with Scoville Lewis aneurysm clips.
The left femoral artery and vein were cannulated; ar terial blood pressure was monitored with a Statham P50 pressure transducer and was recorded on a Lectromed MX6 chart recorder (Ormed Ltd., Welwyn Garden City, England). Arterial blood was sampled anaerobically in microhaematocrit tubes (0.1 ml), and P aco2' P a02' and pH were measured on a blood-gas analyser (ABL 30; Radi ometer, Copenhagen, Denmark). The pH was corrected where necessary by intraarterial infusion of bicarbonate using the formula: base deficit x 1/5 weight (kg) = mmol bicarbonate.
Body temperature was maintained at 37°C by external warming.
Epidural platinum electrodes were placed over the pa rietal regions, left and right, via burr holes in the skull. Methylmethacrylate cement was used to reestablish the closed cranial cavity. A silver/silver chloride reference electrode was placed subcutaneously in the backs of the animals. Cortical electroencephalogram (EEG) was am plified (Devices 3160 differential amplifier, Digimeter Ltd.) and fed to a display unit (Devices 3120). Successful four-vessel occlusion was confirmed by the EEG becom ing isoelectric within a few seconds of clipping the carotid arteries (Todd et aI., 1986a) . The clips were removed af ter either 15 or 30 min, and patency of the carotid arteries confirmed visually.
Sham operated animals had all four vessels exposed, but not occluded.
Measurements
The blood-brain barrier permeability was assessed qualitatively using a macromolecular tracer, Evans Blue (EB), and quantitatively using a low molecular weight tracer, 14C_AIB. Of a 2% buffered EB solution, 0.2 ml was injected intravenously 30 min prior to death. The dye binds to serum albumin (MW 70,000), which is normally excluded from the brain parenchyma by the BBB. Its presence in the brain was simply scored as present (EB positive) or absent (EB negative). AlB permeability was quantified as described by Blasberg et al. (1983) . Briefly, animals received an intravenous injection of 10 f.LCi 14C_AIB (specific activity 40-60 mCi mmol-'; Amer sham, Arlington Heights, IL, U.S.A.). Ten arterial blood samples were collected over a lO-min period, and the 14C_AIB concentration was measured on 0.02 ml of plasma by liquid scintillation counting. Ten minutes after administration of the tracer, the animals were decapitated and the brains quickly removed, cleared of pial vessels and choroid plexus, and dissected into 12 regions, which were immediately weighed in preweighed vials. Two mil lilitres of Soluene 350 (Packard) added to each vial, which was incubated at 55°C overnight. Ten millilitres of Omni fluor (New England Nuclear) was added to the solubilized tissue plus a few drops of glacial acetic acid to neutralize the solution. The samples were left in the dark for 24 h at room temperature, before Beta counting was performed in a Beckman LS 3150 spectrometer. Counts were cor rected for quench and background by an external stan dard method.
A blood-to-brain transfer content (Kj for 14C_AIB) was determined according to the equation of Ohno et al. (Todd et aI., 1986a) :
the concentration of tracer in the brain at the end of the experiment, Cb is the concentration of tracer in the re sidual blood in the brain at the end of the experiment, and I'b Cp . dt is the integrated arterial tracer concentration.
Parenchymal brain concentration Ci is expressed as dpm/g tissue minus dpm within the residual blood (Cb) (Ohno et aI., 1978) . Regional cerebral residual blood vol umes (rCb) were measured in six sham-operated control animals and two groups of six rats killed 3 h and 24 h after 30 min of ischaemia. This technique is described by Todd et al. (l986c) ; briefly, Cb was taken as ('4C)dextran (70,000) space, (dpm g-lbrain)/(dpm ml-1 whole blood) 5 min after intravenous ('4C)dextran injection.
Statistical analysis
The blood tissue transfer ratio (Kj) of 14C_AIB is ex pressed as the means ± SEM of cortical samples and the means ± SEM of deep nuclei specimens. Differences be tween groups were evaluated by analysis of variance, fol lowed by the Scheffe test for multiple comparisons be tween groups. A p-value of <0.05 was considered to be significant. The distributions of Kj between groups were compared using the Kalmogorov-Smirnoff (K-S) test (Sie gel, 1956; Young 1977; Warlaw, 1985) . This test is used for comparing two samples from unknown and not nec essarily similar distributions to test for significance of dif ference, but where one wishes to avoid making assump tions about (a) normality of underlying distribution, or even (b) similarity of shape of the underlying distribution from which the two groups came. [Condition (a) rules out the Student's t test and condition (b) rules out the Mann Whitney V test.] The K-S test requires equal-sized groups of at least 4. A major feature is its sensitivity to differences in both the shape of the distribution in the underlying popUlation and to the location of the medians. Thus, a significant difference between groups could arise from either or both effects, but the K-S test does not identify which. This test does not involve any formulae or calculations, and one simply compares the difference in cumulative frequencies with published tables (Warlaw, 1985) . In the present study, the K-S test was for signifi cant change in BBB permeability in individuals within the experimental groups. It would show whether the treat ments produced a few greatly affected animals, which would skew the distribution even though some animals were unaffected, or if the effect was uniform within the group.
Experimental protocol
Animals were subjected to severe incomplete isch aemia for either 15 or 30 min, with reperfusion for either 3, 6, or 24 h. Six sham-operated animals were used as controls. Animals were divided into groups as listed in Table 2 . Originally, we had intended to compare the 15min and 30-min occlusion groups with a longer period, but all six animals intended for 60 min of occlusion died of a respiratory arrest between 30 and 60 min of occlusion. These animals were excluded from the study.
RESULTS
Eight animals died when they stopped breathing during ischaemia and could not be revived; 2 died within 15 min of clipping and the other 6 died be tween 30 and 60 min of occlusion. All other animals were physiologically stable before BBB permeabil ity measurements (Table 3) : mean arterial blood pressure (MABP), 113 ± 3.7 mm Hg; pH 7. 4; PaC02, 36 ± 1; Pao2, 147 ± 5; and haematocrit (Htc), 44.3 ± 2%, no animal had fits. MABP was recorded throughout the final procedures and no significant changes were seen. No extravasation of EB was seen in any animal.
Regional cerebral residual blood volumes (Cb) are shown in Table 4 . There was no significant dif ference in Cb within each group or between mean cortical Cb before ischaemia and after 3 h of recir culation following 30 min of ischaemia (11.2 ± 1. 3 and 11.2 ± 1.6 f.LI g-l, respectively). However, there was a smail increase in mean Cb after 24 h of recirculation following 30 min of ischaemia. There was a small increase in mean Cb in the deep nuclei after 30 min of ischaemia after both 3 h and 6 h of recirculation.
The passage of AIB from blood into the cerebral cortex and deep grey matter was measured and ex pressed as Kj values (Blasberg et aI., 1983; Picozzi et aI., 1985a; Todd et aI., 1986a) , which are shown in Table 5 . There was no difference between Kj val ues for sham-operated and un operated control rats (1. 1 ± 0.3 and 1.0 ± 0.6 f.LI g-I, respectively).
In control groups, Kj values are between 0.5 and 2. 0, with mean cortical Kj of 1.1 ± 0.2 f.LI g-I. Both ischaemia groups showed maximal Kj values at 3 h of reperfusion (mean cortical Kj 2.7 ± 0.4 f.LI g-I after 15 min ischaemia and 2. 0 ± 0.3 f.LI g -I after 30 min of ischaemia); Kj remained significantly ele vated 6 h after circulation was restored (p < 0.05), but had returned to control levels after 24 h of reperfusion. There were no significant regional dif ferences in Kj and no significant difference between the groups subjected to 15 min and 30 min of isch aemia.
Cumulative frequencies of cortical and deep nu clei Kj values were tabulated, and maximum differ ences between groups were calculated for the K-S test. In Fig. 1 , these data are represented as histo grams of number of cortical regions scored over the range of Kj values. Using the K-S test, there is no significant difference between the control distribu tion and group IIIe (30 min ischaemia at 24 h of reperfusion). All other groups were significantly dif ferent from control values at p < 0.01; however, using one-way analysis of variance, there is no sig nificant difference between controls and either is chaemic group at 24 h of reperfusion.
DISCUSSION
These results are an extension of the studies in this laboratory in which we examined first, periods of complete global occlusion, then transient occlu sions in gerbils. This was followed by transient All died during occlusion Values are means ± SEM.
global ischaemia in the rat, concentrating on the early reperfusion period. It was our aim in these experiments to study the late effects of a temporary vascular occlusion, and to that end, the model was modified slightly allowing spontaneous respiration throughout (Todd's original studies used controlled respiration for the whole of the experimental pe riod). We found that the Pulsinelli occlusion pro duced profound brainstem dysfunction, manifest by respiratory arrest after 30 min occlusion. If respira tion was controlled, then the other parameters re mained stable and the preparation survived. We surmise that the difference between these re sults and those reported earlier (Todd et aI., 1986c) may be due to inclusion of animals that would not have survived the experiment without controlled ventilation. Thus, the current study has "selected" a group of less seriously damaged animals by virtue of their ability to breathe.
The study also illustrates how important the ex perimental protocol is and may explain some of the variations in the literature. In Table 1 , we have out lined some of the results in rats and gerbils to illus trate the variations in methodology and correspond ing results. When the same tracer is used, it may be administered at different time periods following (Todd et aI., 1986a) , during (Ito et aI., 1979) , or before ischaemia (Suzuki et aI., 1983) . It is very misleading to compare temporary and permanent occlusion models. To compare absolute levels in BBB permeability, it may be necessary to have ex actly the same protocol. However, if there is a com- mon barrier response to ischaemia, the results from different markers may show the same percentage change. Our control Kj results and postocclusion results are lower than other reports, but in percent age terms, there is a similar change in magnitude. Picozzi et al. (1985b) showed a 153% increase in Kj 3 h after a 60-min occlusion, and Todd et al. (1986) reported a similar increase at the same time period (162%). In the current study, we present a 181% increase after 30 min occlusion and 3 h reperfusion. It is interesting to note that in a model of acutely induced arterial hypertension, Ellison et al. (1986) report a 217% increase in Kj when the mean blood pressure was elevated from 125 mm Hg to 196 mm Hg. We conclude, therefore, that the degree of bar rier opening reported here is of similar magnitude to that of other workers.
The Kalmogorov-Smirnoff (K-S) test shows that there was a varied but uniformly distributed barrier response following the insult and that this was max imal at between 3 and 6 h of reperfusion after tran sient ischaemia (Fig. 1) . The K-S test was used to analyze the distribution of Kj in the control and ex perimental groups and to ascertain if it was reason able to compare the groups and conclude as we have done. For instance, it might be that the values for two or three animals in each group could skew the mean and conceal that there were, in fact, two populations at any one time point-one with marked BBB permeability, the other with none. The population variation that we have reported may be the "natural" distribution following this type of injury and may be obscured by selecting "susceptible" animals (Ito et aI., 1975; Fujimoto et aI., 1976; Spatz et aI., 1976) . Although their results are valid, they only report the more severely dam aged animals. We suggest that population studies using the K-S test might be a fairer evaluation of ischaemia.
With 15 min of ischaemia, there was a significant (p < 0.01) shift of Kj values-no cortical region had a value below 1.95 J.1 1 g-1 min -1, whereas in the control groups, there is only one region above this value (2.0 J.1 1 g-lmin-1). At 6 h of reperfusion, the distribution of Kj is still significantly different from controls; however, there is more overlap of values 1. DOBBIN ET AL. Yalues are mean Ki ± SEM ILl g -Imin -I. a Significantly greater than control values (ANOYA) p < 0.05. b Significantly greater than control values (ANOYA), p < 0.01.
(see Fig. 1 ). Values do not fall below 1.4 fLl g-Imin -I, and most exceed the control range. At 24 h of reperfusion, there are no values outside the control range. The analysis of variance shows no significant difference from controls, and the K-S test shows only a difference in position of median values between the groups. The histograms of Kj in animals after 30 min of ischaemia have the same distribution as those of the IS-min groups (the K-S test shows no difference between groups at each of the reperfusion times). There is, however, a larger proportion of values within the control range that is reflected by the re sults of one-way analysis of variance (see Table 3 ).
Previous work by this group (Todd et al., I986b, c) has shown that changes in BBB permeabil ity to 14C-amino isobutyric acid during reperfusion were dependent on duration of ischaemic insult. However, experiments did not elucidate whether this was a permanent or transient alteration. In ad dition, as the studies were of the immediate post ischaemic period (up to 3 h), there was no indication as to whether or not opening of the barrier was related to later animal mortality. They did show a correlation between EB staining and elevated Kj to AIB, implying that in areas where there was leakage of large molecules, there would also be increased permeability to small molecules. They also showed AIB passage, albeit in small amounts, in areas not discoloured by EB.
We did not see any Evans blue staining in this series and suggest that, perhaps, the ischemic insult in these animals was less than in Todd's studies. His animals were all ventilated and may have in cluded animals unable to breathe spontaneously fol lowing prolonged occlusion. In the gerbil model, we have shown EB extravasation after severe occlu sion (vide infra), but their ability to survive sponta neously breathing following severe occlusion might be better than that of the rats. We were obviously hoping to see EB staining in these animals, but do not consider that its absence negates our case. As it is a visual qualitative result, there might have been some extravascular EB insufficient to be seen. As our absolute Kj levels were lower than those of other workers, but the percentage change was sim ilar, we contend that this may be the case with the EB staining. Another factor is the severity of the injury; Avery et at. showed a significantly higher mortality in those with EB staining. All of Todd's animals were ventilated and in the group we report here, no animal died during the period of observa tion.
The four-vessel occlusion model in the rat is an important method of producing profound cerebral ischaemia without systemic disturbance (Table 4 ) (Todd et aI., 1986c) . In this study, we concentrated on two separate periods of ischaemia, one lasting 15 min and one lasting 30 min, to determine if there was a graded barrier opening that was dependent on duration of ischaemia. We can say that in this model, where all the animals survived, there was no difference in the Kj values after 15 and 30 min of occlusion. In the gerbil model, we have noted pre viously that survival and the extent of EB staining varied with the length of ischaemia, and we have suggested that BBB disruption adversely affected survival (Avery et aI., 1984) . With 15 min of isch aemia, there was no EB extravasation and virtually no mortality, whereas 60 min of ischaemia resulted in 93% mortality at 24 h of reperfusion and 40% of the brains showed EB staining. Whether or not BBB disruption was the cause of death remains to be seen.
In the rat model (Nishimoto et aI., 1976; Picozzi et aI., 1985a; Todd et aI., 1986b) , BBB damage was greater after a longer ischaemic period. In the same model as employed here, Todd et ai. (1986b) noted EB staining with 30 and 60 min of transient isch aemia. In the present study, a shorter ischaemic period of 15 min was included to investigate sur vival and BBB breakdown, and a 60-min ischaemic period was excluded because of excessive mortal ity. Only 2 animals survived in a group of 10; the others died when they stopped breathing and could not be resuscitated. The four-vessel occlusion model severely deprives the breathing centre in the brainstem of blood, which causes the animal to stop breathing during occlusion of the carotid arteries, which adds to ischaemic problems. Quantitative as sessment of the blood-to-brain transfer constant for AIB has been shown by this laboratory to be a re producible technique to study ischaemic damage to the BBB in both gerbils (Picozzi et aI., 1985a) and rats (Todd et aI., 1986a,c) . The criteria for the use of 14C_AIB in these experiments have been fully discussed previously (Blasberg et aI., 1983a,b; Pi cozzi et aI., 1985a; Todd et aI., 1986a,c) . Briefly, following ischaemia, the normal mechanisms for the uptake of AIB into brain cells may be damaged, leading to an underestimation of the unidirectional transfer constant Kj• The choice of the short (10min) experimental time is important (Blasberg et aI., 1983b) , and at death, the concentration (dpm) of 14C_AIB in plasma was 2-3 times higher than the tissue concentration; this would minimise any back flux.
Quantification of the regional residual cerebral blood volume (rCb) in both control animals and af ter circulation has been restored following profound ischaemia is essential to the accuracy of the calcu lated Kj values (see equation) (Todd et aI., 1986a) : That is that volume of blood remaining in the brain after dissection and removal of surface blood ves sels and choroid plexus. Todd et ai. (1986a) showed a small but significant decrease in cortical Cb at 60 min of reperfusion following 15 min of ischaemia. We have found there to be small increase in cortical Cb at 24 h of recirculation following 30 min of isch aemia and a small increase in Cb of the deep nuclei at both 3 h and 24 h of recirculation. If large fluc tuations in Cb were not taken into account in the computation of Kj, then erroneous results would be bound to occur. However, in the animals we have studied, the changes in Cb have been small and thus may lead to an overestimation of Kj by at most 5%, which is within the range of experimental error. Ac curate estimation of Cb may be difficult in experi ments in which the BBB is severely disrupted (Rap oport et aI., 1980) . However, as no EB extravasa tion was seen in any animals in this study, we may safely assume that the e4C)dextran (70,000) Cb val ues are reliable estimations.
The time course of BBB permeability from these data indicates maximal disruption at 3 h of reperfu sion following transient ischaemia, some leakage at 6 h, but a return to normal at 24 h. We have not seen any evidence for a biphasic pattern of BBB perme ability to AIB, though we cannot exclude this at a later time. The method employed here-injection shortly before sacrifice-provides information of BBB permeability at the time of sacrifice. Some of the EB experiments have dye injected hours or even days before sacrifice (see Table 4 ), and erro neous conclusions may be drawn about the actual time of the EB transport across the BBB (Wolman et al., 1981) . This criticism must be directed at some of the early EB studies (Ito et aI., J975, 1976) .
The time course of AIB passage following treat ment ischaemia is delayed in comparison with that of water (Avery et aI., 1984; Todd et aI., 1986a) and sodium (Pappius and Woolfe, 1976) . This may have a physical basis, in that the passage of any sub stance will depend on its molecular size. The re versibility of the BBB permeability to water, elec trolytes, and small molecules would suggest that the barrier functions may recover quite soon after an ischaemic insult. Drugs not attached to proteins in the blood stream may pass into ischaemic tissue, even though there has been no evidence of protein leak from radiological, positron emission tomogra phy or nuclear magnetic resonance investigations. If our observations are valid, this time period may be short in temporary ischaemia. There appear to be valid clinical correlations that may be deduced. First, following temporary vascular interruption ei ther by cardiac arrest or temporary surgical focal arterial occlusion, there may be little, if any, low attenuation on computed tomography scan. This contrasts sharply with permanent focal vascular oc clusion by embolus or surgical clip when there is persisting low attenuation that is conventionally at tributed to oedema and altered barrier permeability. Thus, we conclude that the period of brain paren chymal vulnerability to circulating substances may be relatively short if there is complete restoration of brain blood flow.
